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Introduction {#sec001}
============

Colorectal cancer (CRC) is the third most common malignancy and fourth most common cause of cancer deaths worldwide, with an estimated 1.23 million new cases of CRC diagnosed and a mortality of 608000 in 2008. It is the third most common cancer in men and the second in women worldwide \[[@pone.0148775.ref001]--[@pone.0148775.ref002]\]. In Malaysia, CRC is the second most common cancer related mortality after breast cancer based on the Malaysia Cancer Statistics 2006 \[[@pone.0148775.ref003]\]. There are large geographic differences in the incidence of CRC globally. The highest mortality rates are in developed countries such as United States, Australia, Canada and Europe compared to developing countries \[[@pone.0148775.ref004]\]. However, the incidence of CRC is rapidly increasing in many Asian countries such as China, Japan, Korea and Singapore \[[@pone.0148775.ref002], [@pone.0148775.ref004]--[@pone.0148775.ref005]\].

Chalcones have been shown to exhibit remarkable cytotoxic and apoptotic activities against a number of cancer cell lines. Among those reported were flavokawain A and B, xanthohumol and helichrysetin \[[@pone.0148775.ref006]--[@pone.0148775.ref008]\]. It was therefore of interest to investigate the anti-cancer potential of yet another chalcone, flavokawain C (FKC) and a structurally related chalcone, gymnogrammene (GMM). GMM only differs from FKC at C-2' and C-4 in which the C-4 hydroxyl in FKC is replaced by a methoxy group whilst the C-2' methoxyl group in FKC is replaced by a hydroxyl moiety ([Fig 1](#pone.0148775.g001){ref-type="fig"}).

![Chemical structure of flavokawain A, gymogrammene, flavokawain B, flavokawain C.](pone.0148775.g001){#pone.0148775.g001}

FKC can be found in Kava (*Piper methysticum* Forst) root which grows naturally in Fiji and other South Pacific Islands where it constitute up to 0.012% of kava extracts \[[@pone.0148775.ref009]\]. In the Pacific Islands, Kava kava extracts have been traditionally prepared from macerated roots with water and coconut milk and used for centuries as a beverage for ceremonial purpose and social events without any side effects \[[@pone.0148775.ref010]--[@pone.0148775.ref011]\]. Kava-kava extracts have also been commercialized as a dietary supplement for treatment of stress, anxiety, insomnia, restlessness and muscle fatigue \[[@pone.0148775.ref012]\]. A previous study showed that FKC exhibited cytotoxic activity against three bladder cancer cell lines (T24, RT4 and EJ cells) with an IC~50~values of less than 17 μM \[[@pone.0148775.ref013]\]. Li *et al* reported that FKC showed mild cytotoxicity against human hepatoma cells (HepG2) and normal liver cells (L-02) with IC~50~ values of 57.04 and 59.08μM, respectively \[[@pone.0148775.ref014]\]. However, to the best of our knowledge, there has been no report on the apoptotic activities of FKC on any cancer or non-cancer cell lines.

Apoptosis or programmed cell death, is a mechanism by which cells are triggered to die to control cell proliferation in order to maintain normal cellular homeostasis or in response to DNA damage \[[@pone.0148775.ref015]\]. It is characterized by cell morphological changes such as cytoplasmic shrinkage, membrane blebbing, chromatin condensation, nuclear fragmentation followed by fragmentation into membrane-enclosed vesicles which are then engulfed by neighbouring cells or phagocytes, and biochemical changes such as externalization of phosphatidylserine, activation of caspases and breakdown of proteins \[[@pone.0148775.ref016]--[@pone.0148775.ref017]\]. There are three main apoptotic pathways: the intrinsic or mitochondrial pathway, the extrinsic or death receptor pathway and the endoplasmic reticulum stress pathway \[[@pone.0148775.ref018]\]. The intrinsic pathway involves a disruption of the mitochondria membrane potential triggered by intracellular stresses and also regulated by Bcl2 family proteins \[[@pone.0148775.ref019]\]. The extrinsic pathway involves binding of cell surface death receptors \[(CD95 (Fas or Apo-1)/Trail/tumor necrosis factor (TNF) receptor 1 family proteins)\] with their respective ligands \[[@pone.0148775.ref019]\]. These three pathways subsequently promote the activation of the caspase cascade which then trigger an ordered series of biochemical events that lead to cell changes and death \[[@pone.0148775.ref020]\]. Apart from that, inhibition of the signaling pathways that regulate the cell cycle progression may also lead to cytostatic and even apoptotic effects in cancer cells \[[@pone.0148775.ref021]\].

The mitogen-activated proteins kinases (MAPKs) and Akt signaling pathway play important roles in a variety of cellular processes including cell growth, differentiation, development, and apoptosis in response to extracellular stimuli and cellular stress \[[@pone.0148775.ref022]\]. Both Akt and MAPKs pathways are activated through a specific phosphorylation cascade. Akt (protein kinase/PKB) belongs to a family of serine/threonine kinases which mediate a downstream phosphoinositide 3-kinase (PI3K) signaling pathway and has become recognized as a potential molecular target for cancer therapy \[[@pone.0148775.ref023]\]. Activated Akt has been shown to promote tumor progression in human carcinoma including colorectal, lung, pancreas and breast through inhibition of apoptosis and promotion of cell cycle \[[@pone.0148775.ref023]\]. The MAPK subgroups, comprising of ERK1/2, JNK, and p38 MAPK, are known to relay, amplify and integrate signals from a diverse range of stimuli in controlling cellular proliferation, differentiation, development, inflammatory responses, apoptosis \[[@pone.0148775.ref024]\].

As such the present study was performed with the aim of characterizing the cytotoxic and apoptotic activities of FKC in HCT 116 colon carcinoma and its effects on the cell cycle *in vitro*. We show for the first time evidence that FKC induced substantial apoptosis and cell cycle arrest in colon carcinoma HCT 116 cell line and the underlying molecular mechanism involved.

Materials and Methods {#sec002}
=====================

Cell culture, compounds and reagents {#sec003}
------------------------------------

Human colon carcinoma (HCT 116), human colon adenocarcinoma (HT-29), human lung carcinoma (A549), human cervical carcinoma (CaSki), human breast adenocarcinoma (MCF7) and non-cancerous human colon fibroblast (CCD-18Co) cell lines were purchased from the American Type Culture Collection (ATCC, USA). HCT 116 was cultured in McCoy's 5A while HT-29, A549, CaSki and MCF7 were cultured in RPMI and all the medium were supplemented with 10% heat-inactivated fetal bovine serum (FBS; Sigma), 1% penicillin/streptomycin (100μg/ml; PAA Laboratories), 1% amphotericin B (250μg/ml; PAA Laboratories). CCD-18Co was cultured in Eagle minimum essential medium (MEM; Sigma) and supplemented with 10% heat-inactivated FBS, 1% Penicillin/Streptomycin (100μg/ml), 1% Amphotericin B (250μg/ml), 1% non-essential amino acid (100×; Sigma), and 1% sodium pyruvate (11mg/ml; Sigma). All the cells were maintained in a humidified incubator (5% CO~2~ in air at 37°C). FKC and GMM were obtained from the Extrasynthase (Genay, France) while cis-platin were obtained from Sigma and all compounds were dissolved in DMSO (Sigma).

Antibodies and chemicals {#sec004}
------------------------

The following antibodies were used: the primary antibodies for cleaved PARP-1 (cleaved p25), DR5, and Smac/DIABLO were purchased from GeneTex whereas AIF was purchased from Thermo Scientific. Antibodies against antibody against polyclonal caspase-3, monoclonal DR4, monoclonal p21, polyclonal p27, monoclonal Cdk2, polyclonal Cdk4, polyclonal cyclin D1, polyclonal cyclin E, polyclonal cIAP-1, polyclonal c-FLIPL, monoclonal survivin, polyclonal Bak, polyclonal Bax, monoclonal Bcl-xL, polyclonal Bid, polyclonal GADD153, monoclonal p-ERK, polyclonal ERK2 and polyclonal Akt1 were purchased from Santa Cruz. Antibodies against monoclonal caspase-8, monoclonal cytochrome c, monoclonal COX IV, polyclonal p-Rb, monoclonal Rb, polyclonal XIAP, monoclonal p-p38, polyclonal p38, polyclonal p-JNK (Thr183/Tyr185), monoclonal polyclonal JNK, p-Akt (Ser473) and β-actin were purchased from Cell Signaling Technology. The horseradish peroxidase (HRP)-labeled anti-mouse and anti-rabbit secondary antibodies were purchased from Santa Cruz. Bradford reagent was purchased from Bio-rad. Mitochondrial/cytosol fractionation kit was purchased from BioVision.

Cyototoxic assay {#sec005}
----------------

Cells were seeded (4500 cells/well) in sterile 96-well plates in growth medium. They were incubated and cultured overnight to allow cell attachment. Following overnight incubation, the cells were treated with various concentrations of FKC or GM (5, 10, 21, 42, 84, 166 and 333μM) and further incubated for 24, 48 and 72 hours in 5% CO~2~ incubator. Untreated cells in 0.5% DMSO served as control. Cell viability was determined using the Sulphorhodamine B (SRB) assay, which is based on the measurement of the total protein mass of viable cells \[[@pone.0148775.ref025]\]. After the treatment period, the cells were fixed in 50 μl of ice-cold trichloroacetic acid (10% w/v) and incubated at 4°C for 1 hour. The cells were then washed and stained with 50μl of 0.4% SRB and left for 30 minutes at room temperature. They were then washed with 1% acetic acid (Merck) to remove any unbound dye and 100μl of 10mM Tris buffer (pH 10.5) was then added to dissolve protein-bound dye. The absorbance of dye eluted from viable cells was then measured (at 492 nm) using a microplate reader (BioTek). All experiments were performed in triplicates. Data were presented as means ± SD. Trypan blue exclusion assay was used to determine the numbers of live and dead cells in each treatment. The live and dead cells were counted in a 1:1 mixture of cell suspension and 0.4% (w/v) trypan blue solution in a hemocytometer chamber using a cell counter (Bio-Rad). IC~50~ was defined as the concentration (μM) of compound which caused 50% inhibition or cell death. A final concentration of 0.5% (v/v) DMSO was used (considered to be non-toxic). The IC~50~ value for each test sample was extrapolated from the graph of the percentage inhibition versus concentration of test sample. Dose- and time-dependent studies were performed to determine suitable doses and time for induction of apoptosis in cells. The percentage of inhibition and cell viability of each of the test samples was calculated according to the following formula: $$\text{\%~of~inhibition~=~}\frac{\text{OD}_{\text{control}}\text{~-~OD}_{\text{sample}}}{\text{OD}_{\text{control}}\ }~ \times 100\%$$ $$\text{\%~cell~viability~=~}\frac{\text{~OD}_{\text{sample}}}{\text{~~OD}_{\text{control}}\ }~ \times 100\%$$ Where ODcontrol: Absorbance of negative control and ODsample: Absorbance of sample

Morphological assessment of cell death by phase contrast and fluorescence microscopy {#sec006}
------------------------------------------------------------------------------------

Cells (2.7 × 10^5^ cells/well) cultured in 6-well plates were treated with 0.5% DMSO or FKC at concentrations equivalent to; and also two and three times higher than the IC~50~ value for 48 hours. To evaluate the changes in cellular morphology, the cells were examined using a phase contrast inverted microscope (Zeiss AxioVert A1) after 48 hours at ×40 magnification. The morphological features of apoptotic cells observed included chromatin condensation, cell-volume shrinkage, and membrane-bound apoptotic bodies \[[@pone.0148775.ref026]\].

To evaluate changes in nuclear morphology induced by apoptosis, Hoechst 33342/propidium iodide (PI) double staining was used \[[@pone.0148775.ref027]\]. After 48 hours incubation, cells were harvested and washed with ice-cold PBS. The cells were then suspended in Hoechst 33342 (10μg/ml) and incubated at 37°C in a CO~2~ incubator for seven minutes. After incubation, the cells were counter-stained with propidium iodide (2.5μg/ml) and incubated in the dark for 15 minutes. The stained cells were then mounted onto glass microscope slides and observed immediately under fluorescence microscope (Leica DM160008). The images were captured with a digital camera (Leica DFC 310 FX). The cells were then classified as follows: (1) live cells (normal nuclei, blue chromatin with organized structure); early apoptotic cells (bright blue chromatin, which is highly condensed or fragmented); late apoptotic cells (bright pink chromatin, highly condensed or fragmented; necrotic (red, enlarged nuclei with normal structure) \[[@pone.0148775.ref028]\].

Analysis of plasma membrane alteration {#sec007}
--------------------------------------

Apoptotic cells were quantified by Annexin V-FITC Apoptosis Detection Kit (BD Pharmingen) using flow cytometry. FITC-conjugated Annexin V was used to measure the loss of asymmetry of phosphatidylserine on apoptotic cell membranes while propidium iodide (PI) was used to differentiate early apoptotic from late apoptotic and necrotic cells \[[@pone.0148775.ref029]\]. Briefly, cells at a density of 1 x 10^6^ cells/well were treated with FKC in 0.5% DMSO at concentrations equivalent to; and also two and three times higher than the IC~50~values, for 24 and 48 hours. After treatment, adherent and floating cells were harvested and washed with PBS. The cells were then incubated in 100μl of annexin V-PI labeling solution containing 3μl of annexin V-FITC and 3μl of PI for 15 minutes at room temperature in the dark. After incubation, the cells were resuspended in 400μl of binding buffer before being analyzed using flow cytometer (Accuri C6) with cell counts of 10,000. The cell population were quantified in a percentage based on the four quadrants from a dot plot of FL1 (Annexin V) versus FL2 (PI): lower left (viable cells, Annexin V(-)/PI(-)), lower right (early apoptotic cells, Annexin V(+)/PI(-)), upper right (late apoptotic cells, Annexin V(+)/PI(+)) and upper left (dead cells/debris, PI(+), Annexin V(-)). The control was the well containing cells in 0.5% DMSO but without FKC.

Analysis of changes in mitochondrial membrane potential (ΔΨ~m~) {#sec008}
---------------------------------------------------------------

The loss of mitochondrial membrane potential was assessed using lipophilic cationic fluorochrome JC-1 (5,5',6,6'-tetrachloro-1,1',3,3'-tetraethyl benzimidazolyl carbocyanine iodide). The assay was carried out using BD MitoScreen kit as per manufacturer's protocol. Approximately 1 x 10^6^ cells were treated with FKC in 0.5% DMSO at concentrations equivalent to; and also two and three times higher than the IC~50~values for 24 and 48 hours. Following treatment, the cells were harvested and washed twice with PBS. The cells were then suspended in 500μl of JC-1 working solution and incubated at 37°C after which they were analyzed with flow cytometry (Accuri C6) where 10,000 events were recorded per analysis. In healthy cells, JC-1 accumulates as aggregates in the mitochondria and emits red fluorescence, whereas in apoptotic cells, the JC-1 remains in monomeric form in the cytoplasm and fluoresces green. The red and green fluorescence were detected at FL-2 and FL-1 channels, respectively in flow cytometer. The change in membrane potential was determined by calculating the ratio of mean fluorescence intensity between the FL1 and FL2 channels. The results were analyzed by calculating the ratio of JC-1 dimers to JC-1 monomers. A higher ratio indicated a higher membrane depolarization of mitochondria in cells. Untreated cells in 0.5% DMSO served as the control.

Detection of DNA fragmentation by TUNEL assay {#sec009}
---------------------------------------------

DNA fragmentation was assessed using the TUNEL (terminal deoxynucleotidyl transferase-mediated dUTP nick end-labelling) assay kit (APO-BrdU; invitrogen), according to the instructions provided by the manufacturer. Cells were grown in 60 mm petri dishes and exposed to FKC in 0.5% DMSO at concentrations equivalent to; and also two and three times higher than their IC~50~valuesfor 48 hours. Both detached and attached cells were harvested and fixed with 4% formaldehyde and permeabilized using 70% ethanol overnight. For detection of fragmented DNA, the cells were washed and incubated with DNA labeling solution containing TdT enzyme and Brd UTP for one hour at 37°C. After incubation, the cells were labeled with FITC-labeled anti-BrdU antibody followed by staining with propidium iodide/RNase for 30 minutes. The cells were then analyzed using Accuri C6 flow cytometer. Untreated cells in 0.5% DMSO served as the control.

Assay for activation of Caspase-3/8/9 {#sec010}
-------------------------------------

Caspases are key mediators of cell death. Caspase activity assay was performed using Caspases-3, -8 and -9 Staining Kit (CaspILLUME, Genetex). Briefly, cells at a density of 1×10^6^ were cultured in 60 mm petri dish. The cells were then treated with FKC in 0.5% DMSO at concentrations equivalent to; and also two and three times higher than their IC~50~ values for 48 hours. After incubation, the cells were washed and incubated with 1μl of *in situ* marker (FITC-DEVD-FMK for caspase-3, FITC-IETD-FMK for caspase-8 and FITC-LEHD-FMK for caspase-9) for 20 minutes in 5% CO~2~ at 37°C before being analyzed by flow cytometry (Accuri C6) and BD CFlow software. The results were analyzed by determining the percentage of activated caspase-3, -8 and -9 in comparison to the control. Untreated cells in 0.5% DMSO served as the control.

Cell cycle analysis {#sec011}
-------------------

Cell cycle arrest analysis was performed using PI staining and flow cytometry. This assay is based on the measurement of the DNA content of nuclei labeled with PI. Cells (2.7 ×10^5^ cells/well) were grown in a 6-well plate and exposed to FKC (20, 40 and 60μM). Both detached and attached cells were harvested and then pelleted by centrifugation. The cell pellets were fixed and permeabilized by suspension in 5 ml ice-cold 70% ethanol at -20°C overnight. Following incubation, the cells were washed twice with PBS and resuspended in 500 μl of staining buffer containing 50μg/ml propidium iodide, 100μg/ml RNase, 0.1% sodium citrate and 0.1% Trition-X-100) and incubated in the dark at room temperature for 30 minutes. Cell cycle phase distribution was determined using Accuri C6 flow cytometer (Accuri C6) and BD CFlow software. The DNA content of at least 15,000 cells was counted per sample and the percentage of cells in various phases (G~0~, G~1~, S and G~2~/M phases) of cell cycle was evaluated using Modfit software. Untreated cells in 0.5% DMSO served as the control.

Mitochondrial/cytosolic isolation and proteins extraction {#sec012}
---------------------------------------------------------

Isolation of cytosolic and mitochondrial proteins was performed according to the manufacturer's instructions (BioVision). Briefly, the cells were seeded at 2 × 10^6^ cells per 25 mm^2^ culture flask treated with or without FKC (60μM) at 12, 24 and 48 hours. Cells were washed twice with ice-cold PBS and collected by centrifugation at 600×g for 5 minutes at 4°C. The cells were resuspended in cytosolic extraction buffer and incubated on ice for 10 minutes. After incubation, the cells were homogenized in an ice-cold dounce tissue grinder. Homogenates were centrifuged at 700×g for 10 minutes to remove unbroken cells. The supernatant was collected and centrifuged again at 10,000×g for 30 minutes at 4°C. The resulting supernatant was collected as cytosolic fraction. The pellet was then resuspended with mitochondrial extraction buffer and centrifuged at 10,000×g for 10 minutes and the supernatant was collected as the mitochondrial fraction. The protein concentrations of the fractions were measured using Bradford method (Bio-Rad Laboratories) and the fractionated protein were analyzed by western blotting.

Western blot analysis {#sec013}
---------------------

Western blot analysis was used to evaluate the levels of apoptosis related proteins in HCT 116 cells following the indicated FKC treatment. Cells seeded at 1×10^6^ cells per petri dish (60mm) treated with FKC (60μM) for 6, 12, 18, 24 and 48 hours after overnight incubation. Cells were washed with cold phosphate buffer saline (PBS) and harvested. Cells were lysed in lysis buffer containing 250mmol/L NaCl, 20mmol/L HEPES, 2mmol/L EDTA (pH 8.0), 0.5mmol/L EGTA, 0.1% Triton X-100, 1.5ug/mL aprotinin, 1.5ug/mL leupeptin, 1 mmol/L phenylmethylsulfonylfluoride (PMSF) and 1.5mmol/L NaVO4. Lysates were then centrifuged at 13,300 rpm, 4°C for 10 minutes and the supernatants were collected. Protein concentrations were measured with Bradford method (Bio-Rad Laboratories). Proteins were denatured by boiling for five minutes at 100°C. Equal amounts of protein (50μg) were loaded onto a 10% or 12% SDS-PAGE gel for electrophoresis and electroblotted onto a nitrocellulose membrane (Bio-Rad) and blocked with Blocking One (Nacalai Tesque, Inc). The membranes were probed with specific primary antibodies in a blocking buffer overnight at 4°C. After blocking, the blots were washed with Tris-buffered saline containing 0.1% Tween-20 (TBST) three times to remove unbound antibody, followed by incubation with HRP-conjugated secondary antibodies (1: 10,000 dilution) for 1 hour at room temperature. Protein bands were visualized using enhanced chemiluminescence (WesternBright ECL, Advansta) and images were captured on a ChemiDoc XRS Imaging System (Bio-rad Hercules, CA, USA). The membranes were stripped and reprobed with different antibodies as necessary. β-actin was used as the internal standard for the total cell lysate and cytoplasmic fractions, whereas COX IV was used as the control for the mitochondrial fractions. Densitometric quantification of the bands was performed using ImageJ software and the results were expressed as fold change relative to the control after normalization with β-actin.

Statistical analysis {#sec014}
--------------------

Data were expressed as mean ± SD of triplicates. Statistical analysis of data was performed using SPSS Statistics 17.0 and differences with a p\<0.05 were considered significant. The following notion was used: \* indicated p\<0.05, compared with the non-treated group.

Results {#sec015}
=======

FKC exerts cytotoxicity against human cancer cell lines and selectively inhibits the viability of HCT 116 cells {#sec016}
---------------------------------------------------------------------------------------------------------------

We first investigated whether FKC can inhibit the growth of various human cancer cell lines (HCT 116, HT-29, A549, CaSki and MCF-7) and a normal colon cell line (CCD-18Co). The cells were exposed to various concentrations of FKC (5, 10, 21, 42, 84, 166, 333μM) for 72 hours and the cell viability was determined by SRB assay. IC~50~ value was defined as the concentration of drug that inhibited cell growth by 50%. As shown in [Table 1](#pone.0148775.t001){ref-type="table"} and [Fig 2A](#pone.0148775.g002){ref-type="fig"}, cell viability was reduced in the cancer cell lines tested in comparison with the control in a dose-dependent manner and HCT 116 cells was found to be most sensitive towards FKC (compared to other cancer cell lines) with an IC~50~value of 12.75±0.17μM. A comparison of the growth inhibitory effects of FKC against a chemotherapeutic drug, cisplatin is shown in [Table 1](#pone.0148775.t001){ref-type="table"}. The IC~50~ of FKC was found to be comparable to cisplatin (IC~50~ 13.12±1.24μM) in HCT 116 cells. In the case of normal colon cells, FKC exhibited moderate cytotoxic effect against CCD-18Co cells which was less toxic compared to cisplatin, indicating a possible cytotoxic selectively towards colon cancer cells. In addition, a structurally related compound, gymnogrammene (GMM) was also evaluated for its cytotoxic activity against human cancer cell lines. GMM exhibited no cytotoxic activity against all other tested cell lines. [Fig 2B](#pone.0148775.g002){ref-type="fig"} shows that FKC decreased the growth of HCT 116 cells in a time-dependent manner at 20, 40 and 60μM. Growth was arrested after treatment with 60μM of FKC. The results show that FKC can suppress HCT 116 cells growth in a dose- and time-dependent manner. As such, HCT 116 cells were selected and subjected for further investigation on the potential underlying mechanism(s) of cell death induced by FKC.

![Inhibition of cell proliferation and viability by FKC in human cancer cell lines and a normal cell line.\
(A) Each cell lines were seeded at 4.5×10^3^ cells per well in 96-well plates. After 24 hours, the cells were treated with various concentration of FKC (5--333μM) for 72 hours, and the results were expressed as inhibition of proliferation which was determined by SRB assay as described in Materials and Methods. (B) HCT 116 cells (4.5×10^3^ cells/well) was seeded in a 96-well for 24 hours and then treated with FKC (20, 40 and 60μM) at increasing time points (6, 12, 24, 48 and 72 hours). All data shown are the mean±standard deviation (SD) of triplicates obtained from three independent experiments. Cell viability in FKC-treated cells was expressed as a percentage of viable cells compared to control cells.](pone.0148775.g002){#pone.0148775.g002}

10.1371/journal.pone.0148775.t001

###### Cytotoxic activities of FKC and GMM on various cancer cell lines and human normal cell (CCD-18Co) for 72 hours treatment in comparison to Cisplatin.

![](pone.0148775.t001){#pone.0148775.t001g}

  Cell lines     IC~50~ in μM                     
  -------------- ------------------- ------------ -------------------
  **HCT 116**    **12.75 ± 0.17**    **\> 300**   **13.12 ± 1.24**
  **HT-29**      **39.00 ± 0.37**    **\> 300**   **34.35 ± 1.57**
  **MCF-7**      **47.63 ± 5.93**    **\> 300**   **\> 300**
  **A549**       **40.28 ± 2.11**    **\> 300**   **19.47 ± 4.37**
  **CaSki**      **39.88 ± 0.45**    **\> 300**   **124.05 ± 3.08**
  **CCD-18Co**   **160.86 ± 2.45**   **\> 300**   **108.90 ± 2.91**

The IC~50~ value indicates a concentration of compounds which caused 50% reduction in cell viability based on SRB assay. Cisplatin was used as standard. Each value is expressed as mean±standard deviation of three replicates of three independent experiments.

FKC causes cell death via induction of apoptosis in HCT 116 cells {#sec017}
-----------------------------------------------------------------

To determine whether the cytotoxic effect of FKC was associated with the induction of apoptosis, morphological changes of cells were evaluated using phase-contrast microscopy. As shown in [Fig 3A](#pone.0148775.g003){ref-type="fig"}, control cells observed under phase-contrast microscopy were in tightly packed groups and retained the typical epithelial morphology. After treatment of HCT 116 cells with FKC at various concentrations for 48 hours, it was observed that cell numbers were reduced and the remaining cells displayed fewer cell to cell interactions, vacuolation in the cytoplasm, membrane blebbing, nuclear disintegration and formation of apoptotic bodies.

![FKC induces apoptosis in HCT 116 cells.\
(A) HCT 116 cells were treated with FKC at the indicated concentrations for 48 hours, and subsequently observed under an inverted phase contrast microscope at magnification of 40× (Scale bar = 1μm). Control cells showing normal morphology (well spread and normal nuclei structure) while treated cells showing the typical morphological features of apoptosis include cell shrinkage, condensed or fragmented nuclei, membrane blebbing, vacuole formation and detachment of apoptotic bodies. (B) Representative fluorescence microscopy images of HCT 116 cells stained with Hoechst 34222 and PI after treated without or with the indicated concentrations of FKC for 48 hours and visualized using fluorescence microscope at magnification of 40× (Scale bar = 50μm). Arrows labelled with the following number and letter indicates: (1) viable cells with normal nuclei; (2) early apoptotic cells with highly condensed chromatin or fragmented chromatin (b); (3) late apoptotic cells with highly condensed chromatin or fragmented chromatin; (4) dead cells/necrosis. Untreated cells in 0.5% DMSO served as the control in (A) and (B).](pone.0148775.g003){#pone.0148775.g003}

In order to distinguish between live, early or late apoptotic and necrotic cells, cells treated with FKC were evaluated by double staining with Hoechst 33342 and propidium iodide (PI) to examine the changes in nuclear morphology. Untreated cells showed a dull blue colour indicating healthy and viable cells. After treatment for 48 hours, a population of cells which showed bright blue and pink fluorescence with condensed or fragmented nuclei was observed indicating the presence of early and late apoptotic cells, respectively. It was observed that some cells were undergoing necrosis-like cell death after being treated with 60μM of FKC for 48 hours (red coloured). The results obtained thus far indicated that the cytotoxic effect of FKC on HCT 116 cells was associated with induction of apoptosis. Further experiments were necessary to validate the initial observation.

FKC-induced apoptosis is associated with externalization of phosphatidylserine (PS) and DNA fragmentation in HCT 116 cells {#sec018}
--------------------------------------------------------------------------------------------------------------------------

Exposure of PS on the surface of apoptotic cells is a common marker for apoptosis and serve as a recognition signal for engulfment by phagocytes such as macrophages and dendritic cells and by their neighboring cells \[[@pone.0148775.ref030]\]. To further characterize the apoptotic features of HCT 116 cells after treatment with FKC, Annexin V-PI double staining was performed. It was found that there was a significant increase (p\<0.05) in early and late apoptotic cells after treatment with increasing concentrations of FKC and incubation times in HCT 116 cells when compared to control ([Fig 4A and 4B](#pone.0148775.g004){ref-type="fig"}). After 24 hours incubation of HCT 116 cells with FKC, there was a higher increase in the percentage of early apoptotic cells compared to late apoptotic cells as the concentration of FKC was increased ([Fig 4A and 4B](#pone.0148775.g004){ref-type="fig"}). Extending the incubation period to 48 hours resulted in a greater increase in the percentage of late apoptotic cells compared to early apoptotic cells for all concentrations of FKC.

![FKC induces phosphotidylserine (PS) externalization and DNA fragmentation in HCT 116 cells.\
(A) HCT 116 cells were treated with increasing concentrations of FKC for 48 hours and stained with AnnexinV-FITC and PI, followed by flow cytometric analysis. Untreated cells in 0.5% DMSO served as the control. Each dot plot is the representative result of three independent experiments. Cell populations are distinguished based on the four quadrants from a dot plot: viable (bottom left), early apoptotic (bottom right), late apoptotic (top right), and dead cells/debris (top left) cells. (B) Quantification of number of early and late apoptotic cells (from total 10,000 cells) of HCT 116 cells measured by flow cytometry for 24 and 48 hours are presented as percentages in bar charts. (C) Cells were treated with absence or presence of FKC at the indicated concentrations for 48 hours, and assessed using TUNEL assay kit. The percentages of cells with fragmented DNA were analyzed using flow cytometry as indicated in the upper quadrant from a dot plot. Each dot plot is the representative result of three independent experiments. (D) Percentages of HCT 116 cells which showed positive DNA fragmentation measured by flow cytometry are presented in bar diagram. Values given are expressed as mean±SD of triplicates obtained from three independent experiments. The asterisk (\*) shows statistically significant differences in comparison to the control, p\<0.05. Untreated cells in 0.5% DMSO served as the control.](pone.0148775.g004){#pone.0148775.g004}

Internucleosomal DNA fragmentation is one of the last stages of apoptosis resulting from the activation of endogenous DNase, which cut the internucleosomal regions into double-stranded fragments of 180 to 200 base pairs \[[@pone.0148775.ref031]\]. As shown in [Fig 4C](#pone.0148775.g004){ref-type="fig"}, there was a concentration-dependent increase in the amount of apoptotic cells with fragmented DNA for both colon cancer cell lines following treatment with FKC for 48 hours. Compared to the control, there was a significant increase in the amount of TUNEL-positive cells with increasing concentrations of FKC as shown in [Fig 4D](#pone.0148775.g004){ref-type="fig"}. These results were consistent with the results obtained from Hoechst 33342/PI staining. This suggested that FKC caused DNA fragmentation in HCT 116 cells which may be associated with the induction of apoptosis.

FKC induces intrinsic and extrinsic apoptosis by activating caspase-3, -8, -9 and death receptors {#sec019}
-------------------------------------------------------------------------------------------------

To determine whether the apparent induction of apoptosis was associated with the activation of caspase-3, -8 and -9, the presence of the different caspases were examined by western blotting and flow cytometry. Western blot analysis showed that the level of the procaspase-3 precursor was decreased in a time-dependent manner after FKC treatment, thereby suggesting cleavage and activation of the enzyme ([Fig 5A](#pone.0148775.g005){ref-type="fig"}). Similar results were observed for the procaspase-8 precursor ([Fig 5B](#pone.0148775.g005){ref-type="fig"}). Through flow cytometric analysis ([Fig 5C](#pone.0148775.g005){ref-type="fig"}), the percentages of activated caspase-3, -8 and -9 were found to have increased significantly in HCT 116 cells after treatment with increasing concentrations of FKC (20, 40 and 60 μM) in comparison to the control. Active caspase-8 was found to be generally more prominent than active caspase-9, thereby suggesting a preferential activation of the extrinsic versus intrinsic pathways of apoptosis after FKC treatment. Activation of caspase-3 was further confirmed by western blot analysis of the p25 fragment of poly-ADP-ribose polymerase (PARP) which results from the caspase-3 cleavage of the intact PARP (116 kDa) during apoptosis. Western blot analysis ([Fig 5A](#pone.0148775.g005){ref-type="fig"}) showed that exposure of HCT 116 cells to FKC increased the level of the 25 kDa fragment of PARP as compared to the control. The increased level of cleaved PARP was shown to be correlated with increased activation of caspase-3 in HCT 116 cells in this study. Taken together, these results showed that FKC activated caspase-8, -9 and -3 in a dose- and time-dependent manner.

![FKC induces activation of caspases and cleavage of PARP in HCT 116 cells.\
(A) and (B) Cells were treated with FKC (60μM) at the indicated time points. The levels of pro-caspase-3, -8 and cleaved PARP were analyzed by western blot and β-actin served as loading control. The results from representative experiments were expressed relative to the protein level at 0 hr after normalization to β-actin signals. (C) Activated caspase-3, -8 and -9 in HCT 116 cells were determined using flow cytometry. Cells were treated in the absence or presence of FKC at the indicated concentrations for 48 hours, and assessed using caspILLUME green Active caspase-3, -8 and -9 staining kit. The percentage of cells that showed positive for active caspase-3, -8 and -9 were quantified by flow cytometry and are presented in the bar chart. Values given are expressed as mean ± SD of triplicates obtained from three independent experiments. The asterisk (\*) indicated p\<0.05 when compared to the control. Untreated cells in 0.5% DMSO served as the control.](pone.0148775.g005){#pone.0148775.g005}

Caspase-8 is involved in the extrinsic apoptosis pathway that occurs upon activation of cell surface receptors. We also investigated the involvement of death receptor mediated apoptotic pathway induced by FKC by evaluating the levels of death receptors, DR5 and DR4 in HCT 116 cells. Western blot analysis revealed that levels of DR5, and to a lesser extent DR4, are increased in a time-dependent manner after FKC treatment ([S1 Fig](#pone.0148775.s001){ref-type="supplementary-material"}). Our results suggest that the death receptors play a role in the extrinsic apoptosis induced by FKC. Thus these data demonstrated that FKC can induce apoptosis in HCT 116 cells through both the mitochondrial and death receptor apoptotic pathways.

FKC causes loss of mitochondrial membrane potential in HCT 116 and release of apoptotic factors to cytosol {#sec020}
----------------------------------------------------------------------------------------------------------

One important biochemical event in the intrinsic pathway which is indicative of early apoptosis is the sharp reduction in mitochondrial membrane potential due to an increase in the permeability of the mitochondrial membrane, leading to the release of apoptotic factors into the cytosol \[[@pone.0148775.ref032]\]. To ascertain the involvement of the mitochondrial pathway in the induction of apoptosis by FKC, the effect of FKC on the mitochondrial membrane potential (MMP) in HCT 116 cells was assessed using a fluorescent dye, JC-1 and analyzed by flow cytometry. A shift of fluorescent emission from red to green indicates a reduction in MMP. As shown in [Fig 6A](#pone.0148775.g006){ref-type="fig"}, an increase in green fluorescence of JC-1 monomers was observed in HCT 116 cells following a 48 hour treatment with various concentrations of FKC (20, 40 and 60μM) compared to control. As shown in the quantitative data of the ratio of dimer/monomer of JC-1 ([Fig 6B](#pone.0148775.g006){ref-type="fig"}), there was a significant increase (p\<0.05) in ratio in HCT 116 cells treated with increasing concentrations of FKC for 24 and 48 hours compared to control. These findings suggested that exposure to FKC caused a significant change in mitochondrial membrane depolarisation in HCT 116 cells.

![FKC causes dissipation of mitochondrial membrane potential in HCT 116 cells.\
(A) Cells were treated with the indicated concentrations of FKC for 48 hours. Cells were then incubated with JC-1 probe, and then analyzed using flow cytometry. Untreated cells in 0.5% DMSO served as the control. Upper quadrant indicates percentage of cells with polarized mitochondrial membranes which emit red fluorescence whereas bottom quadrant indicates percentages of cells with depolarized mitochondrial membranes which emit green fluorescence. Each dot plot is the representative result of three independent experiments. (B) The bar charts showing the ratio of mean intensity of JC-1 red fluorescence to JC-1 green fluorescence in HCT 116 cells treated with various concentrations for 24 and 48 hours. Values given are expressed as mean±SD of triplicates obtained from three independent experiments. The asterisk (\*) indicated p\<0.05 when compared to the control. (C) After treatment with FKC, whole cell lysate was fractionated into cytosolic and mitochondrial portions. Western blotting was used to examine the levels of cytochrome c, smac/DIABLO and AIF in both fractions of HCT 116 cells at indicated time points after FKC treatment (60μM). β-actin and COX IV were served as loading control for cytoplasm and mitochondria, respectively.](pone.0148775.g006){#pone.0148775.g006}

To determine whether the mitochondrial apoptotic pathway causes the translocation of pro-apoptotic proteins from mitochondria to cytosol, the concentrations of cytochrome c, apoptosis-inducing factor (AIF) and Smac/DIABLO present in the mitochondria and cytosol were examined using western blotting. The content of cytochrome c, AIF and Smac/Diablo was found to be gradually increased in the cytosol fractions after exposure to FKC, indicating that both proteins were released to the cytosol from the mitochondria ([Fig 6C](#pone.0148775.g006){ref-type="fig"}). These results suggested that FKC targeted the mitochondria causing a collapse in MMP.

FKC-induced HCT 116 cells apoptosis is mediated by modulation of Bcl-2 family proteins and downregulation of anti-apoptotic proteins {#sec021}
------------------------------------------------------------------------------------------------------------------------------------

Western blotting was performed to explore the potential role of the Bcl-2 family members in the regulation of the intrinsic and/or mitochondrial apoptotic pathway in HCT 116 cells treated with FKC. It was of particular interest to investigate whether the levels of anti-apoptotic and pro-apoptotic proteins was altered in HCT 116 cells after treatment with FKC. The level of the pro-apoptotic protein Bak was found to increase in HCT 116 cells in a time-dependent manner. However, the level of Bax was found to decrease after 18 hours of incubation with FKC. As shown in [S1 Fig](#pone.0148775.s001){ref-type="supplementary-material"}, the levels of the anti-apoptotic protein Bcl-2 were unaffected after the treatment. The level of Bcl-xL remained unaffected only in the first 18 hours and the level was markedly reduced after 18 hours of treatment ([S1 Fig](#pone.0148775.s001){ref-type="supplementary-material"}). The level of another pro-apoptotic protein, Bid was also examined, and it was found that there were no significant changes in its total protein level.

We also investigated the levels of anti-apoptotic proteins, XIAP, cIAP-1, c-FLIP~L~ and survivin following FKC treatment. Western blot analysis ([Fig 7B](#pone.0148775.g007){ref-type="fig"}) showed that there was a dramatic decrease in the levels of XIAP and survivin in HCT 116 cells with increasing incubation time. The levels of c-IAP-1 and c-FLIPL were found to be downregulated after 12 hours of FKC treatment. Taken together, these findings suggested that the levels of pro-apoptotic proteins increased concurrently with a decrease in the levels of anti-apoptotic proteins in HCT 116 exposed to FKC.

![Effects of FKC on the levels of pro-apoptotic and anti-apopotic proteins in HCT 116 cells.\
HCT 116 cells were treated with FKC (60μM) for indicated time points, and followed by protein extraction and western blot analysis. (A) Effect of FKC on the levels of Bcl-2 family proteins in HCT 116 cells. (B) FKC inhibits the levels of c-IAP-1, XIAP, c-FLIP~L~ and survivin. The results from representative experiments were expressed relative to the protein level at 0 hr after normalization to β-actin signals.](pone.0148775.g007){#pone.0148775.g007}

FKC induces cell cycle arrest of HCT 116 cells {#sec022}
----------------------------------------------

Cell proliferation is correlated with the regulation of cell cycle progression. An additional investigation was conducted to examine whether FKC trigger the molecular mechanisms underlying cell cycle arrest in HCT 116 cells. The cell cycles of HCT 116 cells were evaluated using flow cytometry with propidium iodide labelling to determine which phases of the cell cycle were arrested in cells treated with FKC. As shown in [Fig 8A and 8B](#pone.0148775.g008){ref-type="fig"}, there was an accumulation of cells in sub-G~1~ phase in HCT 116 cells treated with FKC after 48 hours incubation at 40 and 60 μM (8.65% and 8.69%, respectively) compared to the control. The percentage of cells in the S phase also increased significantly after FKC treatment for 24 and 48 hours accompanied by a decrease in the percentage of cells in the G~1~ phase. For instance, treatment of FKC at 40 and 60 μM for 24 hours significantly increased the percentages of cells in S phase (46.51% and 51.65%, respectively) compared to 16.76% in the control. We observed that treatment with FKC at 48 hours resulted in a slight increase in G~2~/M phase; however the induced S phase arrest was more apparent compared to G~2~/M arrest. These results indicated that there was a concentration- and time-dependent increase in the percentage of cells entering sub-G~1~ and S phases of the cell cycle in HCT 116 cells.

![Effect of FKC on the cell cycle and the cell cycle regulatory proteins in HCT 116 cells.\
(A) Cells were treated with the indicated concentrations of FKC for 24 and 48 hours, and stained with PI. DNA content of HCT 116 was analyzed using flow cytometry and quantification of cell cycle distribution(sub-G~1~, G~0~/G~1~, S and G~2~/M phases)was performed using ModFit software. Untreated cells in 0.5% DMSO served as the control. Each histogram is the representative cell cycle profile of three independent experiments. (B) The quantitative data of mean of percentages of cells in each phase for HCT 116 cells for 24 and 48 hours are presented in bar chart. Values given are expressed as mean ± SD of triplicates obtained from three independent experiments. The asterisk (\*) indicated *p*\<0.05 when compared to the control. (C) Cells were incubated in the absence or presence of FKC (60μM) for the indicated times, and followed by protein extraction. Changes in levels of the cyclins (cyclin D1 and E), cyclin dependent kinase (Cdk2 and 4), Cdk inhibitors (p21^Cip1^ and p27^Kip1^), and RB phosphorylation were analyzed by Western blot. Untreated cells in 0.5% DMSO served as the control. β-actin was used as the loading control. The results from representative experiments were expressed relative to the proteins level at 0 hr after normalization to β-actin signals.](pone.0148775.g008){#pone.0148775.g008}

Effect of FKC on the levels of cyclin/CDK, p21^Cip1^ and p27^Kip1^ in HCT 116 cells {#sec023}
-----------------------------------------------------------------------------------

To examine the mechanism responsible for cell cycle arrest induced by FKC, the effect of FKC on cell cycle regulatory proteins (cyclins), cyclin dependent kinases (Cdks) and cdk interacting protein/kinase inhibitory proteins (CIPs/KIPs) (which are involved in the regulation of the cell cycle progression) were evaluated by western blotting. As shown in [Fig 8C](#pone.0148775.g008){ref-type="fig"}, FKC treatment induced a dramatic decrease in the protein levels of Cdk2 and Cdk4 in HCT 116 cells. However, no changes in cyclin D1 and cyclin E were observed. Consistent with Cdks inhibition, the levels of cyclin-dependent kinase inhibitor, p21 and p27 were markedly upregulated following FKC treatment in HCT 116 cells. We also examined the effect of FKC on the phosphorylation status of Rb by western blotting. FKC markedly inhibited the phosphorylation of Rb (pRB) as early as 6 hours, with minimal changes in the level of total RB protein ([Fig 8C](#pone.0148775.g008){ref-type="fig"}). Based on these results, it can be summarized that FKC inhibited HCT 116 cell proliferation through upregulation of p21 and p27, downregulation of Cdk2 and Cdk4, and inhibition of RB phosphorylation, resulting S phase cell cycle arrest which subsequently led to cell death.

FKC induced apoptosis through endoplasmic reticulum stress {#sec024}
----------------------------------------------------------

To further elucidate the possible apoptotic pathway triggered by FKC, we investigated the level of GADD153/CHOP using western blot analysis in HCT 116 cells treated with 60μM of FKC. The protein level of ER stress-associated molecules, GADD153 was investigated by western blotting. GADD153, also known as CHOP, encodes a member of the CCAAT/enhancer-binding protein family and acts as an inhibitor or activator of transcription, leading to apoptosis \[[@pone.0148775.ref033]\]. As shown in [Fig 9A](#pone.0148775.g009){ref-type="fig"}, it was observed that GADD153 was largely upregulated in HCT 116 cells after treatment with 60μM of FKC throughout the 48 hours incubation, while no expression of the protein was detected in non-treated cells. This implied that ER stress induced by FKC occurred in both intrinsic and extrinsic pathways in HCT 116 cells.

![Effect of FKC on the protein levels involved in endoplasmic reticulum stress, MAPKs and Akt signaling pathways.\
(A) Cells were incubated with FKC (60μM) for the indicated time points and followed by protein extraction. The change in level of GADD153/CHOP were evaluated by western blot. (B) and (C) Cells were incubated with FKC (60μM) for the indicated time points and followed by protein extraction. Cell lysates were subjected to western blot analysis using antibodies indicated to detect the levels of phosphorylated or total proteins of ERK and Akt. Untreated cells in 0.5% DMSO served as the control. β-actin in the western blot was used as the internal control. The results from representative experiments were expressed relative to the proteins level at 0 hr after normalization to β-actin signals.](pone.0148775.g009){#pone.0148775.g009}

Effect of FKC on MAPKs phosphorylation and Akt signaling pathways {#sec025}
-----------------------------------------------------------------

MAPKs and Akt signaling pathways are known to be involved in cellular proliferation, survival and differentiation \[[@pone.0148775.ref034]\]. Therefore, western blot analysis was performed to investigate whether these signaling pathway were functionally involved in the apoptosis effect of FKC in HCT 116 cells after treatment with 60μM of FKC at different time intervals. The activation of Akt was detected using a phospho-specific Akt (Ser473) antibody. As shown in [Fig 9B](#pone.0148775.g009){ref-type="fig"}, it was found that there was a slight increase in Akt phosphorylation after 6 hours of treatment, after which the level of phosphorylation was gradually decreased while no apparent change was observed in total Akt under the same treatment condition.

We next investigated the effect of FKC on the activation of MAPKs cascade including extracellular regulated protein kinase (ERK), c-Jun N-terminal kinase (JNK) and p38 in HCT 116 cells. Western blot analysis ([Fig 9C](#pone.0148775.g009){ref-type="fig"}) revealed that FKC decreased the phosphorylation (Thr202/Tyr204) of ERK at the early time points (6, 12 and 18 hours post-FKC), whereas the drug caused dramatic increase in phosphorylation at later time points (24 and 48 hours post-FKC). No significant change in p38 phosphorylation was observed, whereas small reductions in JNK phosphorylation were noted at 24 and 48 hours post-FKC (-[S1 Fig](#pone.0148775.s001){ref-type="supplementary-material"}). The levels of total ERK, JNK and p38 protein remain unchanged after treatment with FKC. Together, these results suggested that apoptosis-induced FKC is involved in the inactivation of Akt pathway, and modulation of MAPKs pathway.

Discussion {#sec026}
==========

In the present study, the potential growth inhibitory and apoptosis-inducing effects of FKC on human cancer cell lines was explored. To the best of our knowledge, this is a first report to demonstrate the anti-proliferative and apoptosis inducing effect of FKC against HCT 116 carcinoma cancer cells while showing less cytotoxicity towards normal colon cells. In order to evaluate whether slight variations in the structure of FKC play an important role in cytotoxic and apoptotic activity, the effect of GMM (substitution at C-2' and C-4, as shown in [Fig 1](#pone.0148775.g001){ref-type="fig"}) was investigated. [Fig 1](#pone.0148775.g001){ref-type="fig"} show differences in the substitution at position C-2' and C-4. FKC has a methoxyl group at C-2' and a hydroxyl group at C-4 whilst GMM has a hydroxyl and methoxyl substituents at C-2' and C-4 respectively. This change resulted in the absence of cytotoxic effect in all model cell lines (IC~50~\>300 μM) in GMM. Thus, this suggested that reversing the substituents as in FKC resulted in pronounced cytotoxic activity of FKC in the HCT 116 cells. Based on previous studies, replacement of hydroxyl group at C-6' of GMM with a methoxyl substituent as in flavokawain A (FKA) ([Fig 1](#pone.0148775.g001){ref-type="fig"}) resulted in pronounced cytotoxicity and FKA was able to induce apoptosis in bladder cells \[[@pone.0148775.ref013]\]. The absence of a functional group at aromatic ring B in FKB did not affect its apoptotic activity as FKB has been previously reported to cause cytotoxicity and induced apoptosis in HCT 116 cells \[[@pone.0148775.ref035]--[@pone.0148775.ref036]\]. Taken together, these results suggested that the cytotoxic and apoptotic activities of chalcones are clearly dependent on its molecular structure. Further work to understand the structure-activity relationship of this class of compounds is required.

In the intrinsic apoptotic pathway, the signal leading to cell death typically originates from within the cell itself. The mitochondria play a major role in the initiation and execution of the intrinsic pathway of apoptosis besides as sites of electron transport and generation of cellular ATP \[[@pone.0148775.ref037]--[@pone.0148775.ref038]\]. Bcl-2 family members are key regulators involved in controlling permeability of mitochondrial outer membrane permeabilization and causes leakage of apoptogenic proteins such as cytochrome c and other mitochondrial apoptotic factors like Smac/DIABLO, AIF and endoglycosidase G into the cytosol. Released cytochrome c binds to Apaf-1and pro-caspase-9 to form the apoptosome, which in turn activates caspase-9. In general, Bcl-2 related proteins are categorized into two groups: anti-apoptotic proteins (Bcl-2 and Bcl-xL), pro-apoptotic proteins (Bax, Bak and Bid) \[[@pone.0148775.ref039]\]. During apoptosis, Bax and Bak are known to be responsible for promoting mitochondrial outer membrane permeabilization by oligomerizing to form pores within the outer mitochondria membrane \[[@pone.0148775.ref039]\]. On other hand, Bcl-2 and Bcl-xL acts as the inhibitor of apoptosis by binding with pro-apoptotic proteins of the bcl-2 family and thus antagonizing them \[[@pone.0148775.ref017]\]. Therefore, they limit permeabilization of the mitochondrial outer membrane and maintain the mitochondria membrane potential by inhibiting pore formation \[[@pone.0148775.ref038], [@pone.0148775.ref040]\]. In addition, Bcl-xL can interact with Apaf-1 and inhibit the activation of capase-9 \[[@pone.0148775.ref041]\]. Therefore, the downregulation of Bcl-xL ([S1 Fig](#pone.0148775.s001){ref-type="supplementary-material"}) and an increase in the amount of Bak ([Fig 7](#pone.0148775.g007){ref-type="fig"}) in HCT 116 cells upon FKC treatment may have caused a disruption in the integrity of the outer mitochondria membrane by increasing its permeability, resulting in the release of cytochrome c, Smac/DIABLO and AIF from the outer membrane of mitochondria into the cytosol ([Fig 6C](#pone.0148775.g006){ref-type="fig"}). A previous study reported that Bak deficiency can lead to substantial inhibition of mitochondrial-mediated apoptotic cell death \[[@pone.0148775.ref042]\]. The western blot analysis in this study demonstrated the gradual increase in the concentration of AIF and Smac/DIABLO in the cytosol fraction upon FKC treatment. AIF is normally present in the mitochondria and will translocate into the nucleus following the release from mitochondria where it induces caspase-independent chromatin condensation and DNA fragmentation \[[@pone.0148775.ref042]--[@pone.0148775.ref043]\].

In the extrinsic pathway, apoptosis is initiated through the binding of cognate ligands to the respective death receptors. This will lead to the recruitment of adaptor molecules such as Fas-associated death domain protein (FADD) and TNF receptor-associated death doman protein (TRADD) through their complementary death domains which will then bind to procaspase-8. A death-inducing signaling complex (DISC) is formed, resulting in dimerization and activation of caspase-8. The activated caspase-8 directly cleave and activate caspase-3 \[[@pone.0148775.ref044]\]. However, cellular FLICE-like inhibitory protein (c-FLIP) competes with pro-caspase-8 to bind to the FADD in the DISC formation process \[[@pone.0148775.ref045]\]. Thus they block the activation of caspase-8 which in turn inhibits the activation of apoptosis triggered by death receptors. Based on our findings, we propose that FKC activate the extrinsic pathway by increasing the levels of DR5, and to a lesser extent DR4, and down-regulation of c-FLIP~L~. These result was consistent with the higher amount of active caspase-8 detected in comparison to active caspase-9 in HCT 116 cells upon FKC treatment in dose-dependent manner. A link with the mitochondrial pathway exists via caspase 8-mediated cleavage of Bid in which the truncated Bid migrates to the mitochondria and activates the pro-apoptotic members Bak and Bax. Western blot analysis was used to examine the level of Bid. However, no changes were observed in the level of Bid after FKC treatment, suggesting that Bid was not involved in the FKC-induced apoptosis.

The human inhibitor of apoptosis protein (IAP) family members consist of eight proteins which contain either one or three Baculovirus IAP Repeat (BIR) domain \[[@pone.0148775.ref046]\]. Among the inhibitor of apoptosis proteins, XIAP, cIAP-1, cIAP-2, ML-IAP and survivin are endogenous caspase inhibitors that inhibit apoptosis and lead to cell survival while others are involved in cell cycle and inflammation \[[@pone.0148775.ref046]\]. XIAP are the most potent caspase inhibitor as it directly binds and inhibits the caspases activation. XIAP binds caspase-9 through its BIR3 domain and preventing its dimerization. It also binds to activated caspase-3/7 through its BIR2 domain and the linker region between the BIR1 and BIR2 domains. However, XIAP can be inhibited by Smac/DIABLO which is released into the cytosol from the mitochondria upon loss of outer mitochondrial membrane potential. The released Smac/DIABLO binds to XIAP via its IAP-binding motif, and promote their auto-ubiquitination and consequent degradation \[[@pone.0148775.ref047]\]. In contrast, cIAP-1 indirectly inhibits caspase-3/8 activation through its E3 ligase activity as well as interaction with the TNR receptor-associated factor 1 and 2 (TRAF1 and TRAF2) \[[@pone.0148775.ref048]\]. Survivin, the smallest member of the IAP family of proteins, has been found to be highly expressed in tumors and associated with a metastatic phenotype, shorter survival times, and a resistance to chemotherapy in patients. Survivin indirectly inhibits caspase-9 activation by binding to Smac/DIABLO, thus preventing it from binding to XIAP \[[@pone.0148775.ref049]\]. In addition, inhibition of XIAP can be caused by binding to Smac/DIABLO which was found to be released into the cytoplasm upon FKC treatment. Based on the western blot results, the levels of cIAP-1, XIAP and survivin were dramatically decreased after FKC treatment and this subsequently resulted in the activation of caspase-8, -9 and -3.

Deregulation of the cell cycle is one of the hallmarks of tumorigenesis and contributes to the uncontrolled proliferation in human cancer. Molecular mechanisms of cell cycle regulation in cancer is disrupted by mutations in key checkpoint genes \[[@pone.0148775.ref050]\]. The phases of the cell cycle can be divided into four in which the periods of DNA synthesis (S phase) and mitosis (M phase) is separated by gaps called G~1~ and G~2~ \[[@pone.0148775.ref051]\]. Transition from one phase to another of the cell cycle is regulated by a series of checkpoint involving a family of cyclin-dependent kinases (CDKs) through binding with their respective regulatory subunits (cyclins), which then trigger different downstream processes of the cycle by phosphorylating appropriate target proteins \[[@pone.0148775.ref052]\]. The activities of CDK-cyclin complexes are negatively regulated by the endogenous CDK inhibitors, p21^Cip^ and p27^Kip^ or degradation of cyclin \[[@pone.0148775.ref052]\]. p21 and p27 inhibits and binds to Cdk4/cyclin D and Cdk2/cyclin E complexes respectively, resulting in de-phosphorylation of retinoblastoma (RB) proteins and inhibiting the release of E2F transcription factor into the nucleus to activate the transcription of cell cycle related genes \[[@pone.0148775.ref053]--[@pone.0148775.ref054]\]. Another complexes, Cdk2/cyclin E plays a critical role in promoting progression through S phase, along with additional phosphorylation of retinoblastoma \[[@pone.0148775.ref055]\]. Blockade of DNA synthesis in S phase may prevent the replication of the damaged or mutated DNA which allows the cells to either repair DNA damage before entering mitosis or undergo apoptosis \[[@pone.0148775.ref056]\]. One possible explanation for the inhibitory effect of FKC on cell cycle arrest was that it was due to the reduction of Cdk2, Cdk4 and upregulation of p21^Cip^ and p27^Kip^. The S phase arrest was also correlated with the de-phosphorylation of Rb.

Targeting endoplasmic reticulum (ER) stress has received a great deal of attention as the molecular pathway that can lead to the cell death through apoptosis as well as increased the sensitivity of tumor towards chemotherapeutic agents \[[@pone.0148775.ref057]\]. The ER plays an essential role in the proper folding and posttranslational modification of secreted and membrane proteins, maintenance of calcium homeostasis and lipid biosynthesis \[[@pone.0148775.ref058]\]. Accumulation of unfolded proteins and disturbance of calcium homeostasis within ER causes ER stress. Prolonged or severe ER stress can result in apoptosis via intrinsic or extrinsic-mediated pathways to eliminate the damaged cells \[[@pone.0148775.ref058]--[@pone.0148775.ref059]\]. GADD153/CHOP is a key factor in ER stress-induced apoptosis in which the increased level of CHOP can induce the transcription of various genes that activate the apoptotic pathways, which involves inhibition of Bcl-2 and stimulation of DR5, activation of caspases, increased outer mitochondrial membrane permeabilization and amplification of death signals \[[@pone.0148775.ref060]\]. Western blot results showed the increase in the level of CHOP as early as 6 hours after FKC treatment which suggested the occurrence of endoplasmic reticulum stress in HCT 116 cells, leading to apoptotic cell death.

Many studies have reported the possible interlink between the Akt/PI3K and MAPKs pathways in the regulation of cell proliferation and apoptosis. Therefore, in this study, we investigated the involvement of ERK1/2, p38 and JNK, and Akt pathways in the mechanism underlying the apoptotic properties of FKC. Interestingly, we found that FKC inhibited activation of Akt and this resulted in a dramatic increase in ERK1/2 phosphorylation (a 3-fold increase after 18 hours over the control) while a decrease in JNK phosphorylation. Our data also showed that p38 MAPK was also activated to a slight degree by FKC. However, activation of Akt was found to occur in HCT 116 cells following FKC treatment at the beginning of 6 hours. This phenomenon might be due to the transient response of the cells to an apoptotic stimulus as a self-defense mechanism to protect cells against apoptosis. It was noticed that the inhibition of Akt and activation of ERK1/2 occurred at a relatively late event in the response of HCT 116 cells to the FKC treatment ([Fig 9A and 9B](#pone.0148775.g009){ref-type="fig"}). These results suggests that there is an opposite regulation between Akt and ERK signaling pathways while a positive correlation between Akt and JNK phosphorylation in FKC-induced apoptosis. However, the mechanisms that can modulate both the Akt and MAPKs pathways in response to treatment with FKC remain unclear. The activation of the ERK1/2 pathway is normally thought to be associated with cell proliferation and survival. However, many studies have shown that ERK1/2 can exert a dual effect on cell growth. The anti-apoptotic effect of ERK1/2 activation has been shown to stimulate proliferation by increasing expression of cyclin D and inactivating p27 \[[@pone.0148775.ref061]--[@pone.0148775.ref062]\]. Activation of ERK1/2 has also been shown to be required for the induction of apoptosis by DNA-damaging agents such as doxorubicin and cisplatin which is accompanied by inactivation of Akt \[[@pone.0148775.ref022], [@pone.0148775.ref063]\]. Activation of ERK1/2 has been shown to induce apoptosis in T-cells via increasing Fas ligand expression \[[@pone.0148775.ref064]\]. ERK pathway is also involved in activating mitochondrial-dependent pathway through regulation of Bcl family proteins as well as extrinsic pathway by increasing the expression of ligands and death receptors \[[@pone.0148775.ref065]\]. Collectively, our results suggested that there is an interplay between the Akt signaling pathway and MAPKs pathway in induction of apoptosis and cell cycle arrest by FKC in HCT 116 cells.

Conclusion {#sec027}
==========

Our results provided evidence that FKC induced apoptosis in HCT 116 colon carcinoma through the intrinsic and extrinsic pathways. In addition, exposure to FKC induced cell cycle arrest at the S phase in HCT 116 cells, leading to growth inhibition followed by apoptosis. This event was associated with increased endoplasmic reticulum stress, inhibition of Akt activation and elevation of ERK activation. These findings provide fundamental insights into the molecular mechanism of FKC-induced cell death. This compound shows good promise and merits to be further evaluated as a potential therapeutic agent for the treatment of human HCT colon carcinoma.

Supporting Information {#sec028}
======================

###### Effects of FKC on the changes in levels of cytochrome c, DR5, DR4, Bcl-xL, Bcl-2, p-JNK, JNK, p-p38 and p38 in HCT 116 cells.

HCT 116 cells were treated with FKC (60μM) for indicated time points, and followed by protein extraction and western blot analysis. The results from representative experiments were expressed relative to the proteins level at 0hr after normalization to β-actin signals. Further validation will be needed to confirm the effects of FKC on these proteins.

(TIF)

###### 

Click here for additional data file.
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